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               MAMMALIAN aging is a complex process that has been 
studied for centuries yet still is not completely under-

stood. Recent discoveries in genetic mutant animals have pro-
vided biogerontologists with some new clues. Evidence from 
long-lived mutant mice suggests that defi ciencies in growth 
hormone (GH) and insulin-like growth factor 1 (IGF-1) signal-
ing confer a longevity advantage over genetically normal ani-
mals. Further, mice genetically engineered to overexpress GH 
display increased GH and IGF-1 signaling and are short-lived. 
In addition to life span, genetically induced alterations in the 
GH signaling pathway can affect many physiological parame-
ters in mice, including body weight, organ weight, size, adipos-
ity, onset of puberty, fertility, hormone levels (eg, insulin, 
IGF-1, triiodothyronine [T3], and thyroxine [T4]), body tem-
perature, and presumably metabolic rate ( 1 ). 

 The effects of altered GH signaling on metabolism are also 
not fully understood. Previous evidence suggests reduced GH 
signaling in mice would lead to reduced oxygen consumption 
(VO 2 ), body core temperature, and mitochondrial reactive 
oxygen species (ROS) production ( 1 , 2 ). In addition, it was 
previously reported that the GH receptor knockout (GHRKO) 
mouse is mildly hypothyroid ( 3 ), presumably resulting in a 
reduced metabolic rate. These physiological characteristics 
suggest possible mechanisms of extended longevity as they 
could result in decreased production of ROS, which in turn 
causes oxidative damage to cellular structures including 
DNA, and may contribute to aging ( 4 , 5 ). However, several 

potentially confounding factors, including age and sex, were 
not fully investigated in these experiments, leaving a number 
of questions unanswered. In fact, VO 2  was increased in 10-
week-old male GHRKO mice fed either a high- or a low-fat 
diet as determined by 6 hours of indirect calorimetry ( 6 ). 
These counterintuitive fi ndings emphasize the diffi culty in 
defi ning the role of GH in the control of mammalian metabo-
lism. Furthermore, the results of the present study indicate 
that the effects of altered GH signaling on metabolism are 
more complex than previously thought. 

 Additional evidence for the relationship between GH and 
metabolism is derived from studies of caloric restriction 
(CR). CR remains the only nongenetic intervention known 
to consistently increase life span in mice and many other 
organisms ( 7 , 8 ). The mechanisms through which CR in-
creases life span are unknown, but reduced GH and IGF-1 
signaling are among hallmarks of CR in rodents ( 7 , 9 ). In 
addition, CR is known to decrease ROS, a byproduct of oxi-
dative metabolism ( 10 , 11 ). Surprisingly, the mass-specifi c 
and lean mass - specifi c metabolic rates of normal mice on 
CR are increased when compared with mice on higher calo-
rie diets after 2 months ( 10 ). Also, rats under CR for 4.5 
months had no signifi cant change in VO 2  ( 12 ). This evidence 
is incongruent with fi ndings in poikilothermic species, in 
which reducing ambient temperature and thus metabolic 
rate extends life ( 13 ); with the  “ rate of living ”  theory of ag-
ing, which postulates that an increased metabolic rate should 

      Alterations in Oxygen Consumption, Respiratory 
Quotient, and Heat Production in Long-Lived GHRKO 

and Ames Dwarf Mice, and Short-Lived bGH Transgenic 
Mice 

     Reyhan     Westbrook    ,  1  ,  2       Michael S.     Bonkowski    ,  1       April D.     Strader    ,  3   and     Andrzej     Bartke   1   

  1 Department of Physiology and Internal Medicine-Geriatrics Research,    
  2 Department of Medical Microbiology and Immunology and Cell Biology, Southern Illinois University School of Medicine, Springfi eld  .  

  3 Department of Physiology, Southern Illinois University School of Medicine, Carbondale  .              

  Growth hormone (GH) signaling infl uences longevity in mice, with decreased GH signaling associated with longer life 
span and increased GH signaling with shortened life span. A proposed mechanism through which GH signaling infl u-
ences life span postulates that decreased GH signaling lowers metabolic rate, thus slowing aging by decreasing produc-
tion of damaging free radicals. The infl uence of altered GH signaling on metabolism was tested by monitoring oxygen 
consumption (VO 2 ), respiratory quotient (RQ), and heat production in long-lived GH receptor knockout (GHRKO) and 
Ames dwarf mice, and short-lived bovine GH-overexpressing transgenic (bGH TG) mice. Intriguingly, both GHRKO and 
Ames dwarf mice have increased VO 2  and heat per gram body weight, and decreased RQ, whereas bGH TG mice have 
decreased VO 2  and heat per gram body weight and increased RQ. In conclusion, decreased GH signaling associates with 
increased metabolism per body weight and may benefi cially affect mitochondrial fl exibility by increasing the capacity for 
fat oxidation; generally, GH excess produces opposite metabolic effects   . 

   Key Words:  Metabolism—Altered growth hormone signaling—Thyroid hormone—Oxygen consumption—Respiratory 
quotient  .        



WESTBROOK ET AL.444

result in an increased rate of aging ( 14 ); and with the corre-
sponding hypothesis that a decreased metabolic rate is a 
mechanism through which CR extends life span. 

 The objective of this study was to investigate the impact of 
altered GH signaling on metabolism in adult male mice by 
using two types of GH signaling - defi cient mice, the GHRKO 
and Ames dwarf (Prop1 df ) mice, and one type of GH-overex-
pressing mouse, the bovine GH transgenic (bGH TG). Using 
indirect calorimetry, we examined the following parameters: 
VO 2 , respiratory quotient (RQ, VCO 2 /VO 2 ), and heat pro-
duction (calories/h). In GHRKO and bGH TG mice, serum 
levels of thyroid hormones T3 and T4 were also measured.  

 Methods  

 Animals 
 GHRKO ( − / − ) and normal (+/ − ) mice were derived from 

GHRKO animals ( 15 ) kindly provided by Dr. J. J. Kopchick 
(Ohio University, Athens, OH) and produced in our breeding 
colony by mating  − / −  males to +/ −  females. Ames dwarf 
mice were derived from a closed breeding colony at Southern 
Illinois University. Ames dwarf mice were produced by mat-
ing heterozygous carriers of the df (Prop-1df) mutation (df/+) 
or (df/df) males with (df/+) females. Normal (?/+) siblings of 
Ames dwarfs were used as controls. Both GHRKO and Ames 
dwarf mice were on a heterogeneous genetic background. 
PEPCK bGH mice overexpressing bGH were originally de-
veloped by microinjection of fertilized eggs with a gene con-
struct consisting of the rat PEPCK promoter fused with the 
bGH gene ( 16 ). bGH TG mice for this experiment were pro-
duced in our colony derived from animals kindly provided by 
Dr. T. Wagner and J. S. Yun (Ohio University, Athens, OH) 
by mating male transgenic mice with normal (C57BL6/J × 
C3H/J F 1 ) hybrid females. Normal siblings of bGH TG mice 
were used as controls for this experiment. Animals were 
housed under temperature- and light-controlled conditions 
(21°C – 23°C and 12-hour light/12-hour darkness cycle) and 
were fed Lab Diet Formula 5001 (23.4% protein, 4.5% fat, 
5.8% fi ber; (R   alston Purina Co., St. Louis, MO). All animal 
protocols for this study were approved by the Animal Care 
and Use Committee of Southern Illinois University.   

 Indirect Calorimetry 
 For indirect calorimetry, we used adult (7 – 12 months old) 

male long-lived GHRKO and Ames dwarf mice, short-lived 
bGH TG mice, and their respective normal siblings ( n  = 8 per 
phenotype). Indirect calorimetry was performed using the Ac-
cuScan Instruments, Inc. PhysioScan Metabolic System (Co-
lumbus, OH). This system uses zirconia and infrared sensors 
to monitor oxygen (O 2 ) and carbon dioxide (CO 2 ), respec-
tively, inside respiratory chambers in which individual mice 
were tested. All comparisons are based on animals studied 
simultaneously in eight different chambers connected to the 
same O 2  and CO 2  sensors in an effort to minimize the effect of 

environmental variations and calibration on data. After a 24-
hour acclimation period, mice were monitored in the meta-
bolic chambers for 24 hours with ad-libitum access to standard 
chow (Laboratory Diet 5001) and water, and then for a second 
24-hour period without food. Gas samples were collected and 
analyzed every 5 minutes per animal, and the data were aver-
aged for each hour. Output parameters include VO 2  (mL/kg/
min), RQ (VCO 2 /VO 2 ), and heat production (calories/h). To 
correct for problems related to calibration of gas sensors, all 
RQ values were multiplied by a constant coeffi cient (1.07). 
The absolute values of calculated RQ in the pilot studies were 
used to determine the coeffi cient value. The application of this 
constant coeffi cient has no effect on overall differences 
between the results or on their statistical signifi cance.   

 Thyroid Hormone Levels 
 Following isofl urane (Butler Animal Health Supply, 

Dublin, OH) anesthesia, blood was collected via cardiac 
puncture from (5 – 12 months old) male GHRKO, bGH TG 
mice, and their respective normal counterparts ( n  = 5 – 8 per 
phenotype). Ames dwarf mice were excluded from thyroid 
hormone measurements due to hereditary defi ciency in 
thyroid-stimulating hormone, resulting in barely detectable 
serum T3 and T4 ( 1 ). Mice were in fed condition at time of 
sacrifi ce. Blood was centrifuged at 9,279  g  for 15 minutes 
at 4°C, and serum was collected. Serum total T3 and total 
T4 were measured by radioimmunoassay (RIA) using Coat-
A-Count total T3 and T4 kits (Diagnostic Products Corp., 
Los Angeles, CA). All T3 and T4 measurements were per-
formed in duplicate samples. The sensitivity of these assays 
were as follows: T3, 7 ng/dL; T4, 0.25  m g/dL. All samples 
were processed in the same assay and the intra-assay coef-
fi cients of variation were 5.4% and 6.2% for T3 and T4, 
respectively.   

 Statistical Analyses 
 Heat and VO 2  measurements were averaged over each 

hour of the 24-hour period from each group ( n  = 8) and ana-
lyzed by two-factor repeated measures analysis of variance. 
Average VO 2  and heat per gram measurements represent the 
daily average from each group of mice and were analyzed 
by unpaired Student ’ s  t  test for comparison of mutant and 
normal. RQ and thyroid hormone data were analyzed by 
unpaired Student ’ s  t  test for comparison of mutant and nor-
mal. Graphs and statistics were generated with GraphPad 
Prism 4 (GraphPad Software, La Jolla, CA) and SPSS 14.0 
for Windows (SPSS Inc., Chicago, IL).    

 Results  

 Calorimetry  

 Oxygen consumption.   —   VO 2  is the volume of oxygen 
consumed by an organism over a certain period of time, in 
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this case expressed as mL/kg/min. The VO 2  for all mice 
displayed the expected diurnal rhythm of increased VO 2  
during the dark period, when the animals are normally more 
active and feeding, compared with the light period ( p  < .05). 
Throughout the 24-hour measurement, the Ames dwarf 
mice showed increased VO 2  compared with normal controls 
during both the fed ( Figure 1a ) and fasted ( supplemental 
fi gures ) periods ( p  < .0001). The GHRKO mice also showed 
a signifi cantly increased VO 2  compared with normal con-
trols on both fed ( Figure 1b ) and fasted ( supplemental fi g-
ures ) days ( p  < .0001). Conversely, the bGH TG mice 
showed decreased VO 2  when compared with their normal 
controls on fed days ( p  < .0001;  Figure 1c ), and no signifi -
cant difference on the fasted day ( supplemental fi gures ). 
Average VO 2  from all three mutants and their normal con-
trols in fed conditions (expressed as percent differences) 
shows that both the long-lived GHRKO and Ames dwarf 
mice have increased average VO 2  compared with their cor-
responding controls, whereas the short-lived bGH TG mice 
have decreased average VO 2  compared with their normal 
controls ( Figure 1d ). Summary area under the curve data are 
presented in  Table 1 .           

 Respiratory quotient.   —   RQ is a dimensionless ratio 
comparing the volume of carbon dioxide an organism pro-
duces over a given time (VCO 2 ) to VO 2  (RQ = VCO 2 /VO 2 ), 
which gives an estimate of the daily transition between fat 
(RQ = 0.7) and carbohydrate (RQ = 1) oxidation. The RQ 
varies inversely with lipid oxidation. A higher fasting RQ, 
which indicates lowered fat oxidation, is linked to body 
weight gain, metabolic infl exibility, and insulin resistance 
( 17  –  20 ). All mice displayed the diurnal rhythm of a higher 
RQ during the dark period compared with the RQ during 
the light period as expected from the feeding pattern of 
these nocturnal animals. The Ames dwarf mice had a sig-
nifi cantly decreased RQ compared with their normal con-
trols during both the dark and the light periods on the fed 
day of measurement ( Figure 2a ;  p  < .01); however, no sta-
tistically signifi cant differences were observed in the RQ 
on the fasted day ( Figure 2b ). The GHRKO mice also dis-
played a decreased RQ in both the dark and the light peri-
ods compared with their normal controls on the fed day 
( Figure 2c ;  p  < .01) and showed nonsignifi cant decreases 
on the fasted day ( Figure 2d ). In contrast, bGH TG mice 
showed signifi cant increases in their RQ during the dark 
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 Figure 1.        VO 2  (mL/kg/Min) plotted at 1-hour intervals of male Ames dwarf ( a ), GHRKO ( b ), and bGH TG ( c ) mice and their normal siblings ( n  = 8 – 10 per 
phenotype). VO 2  in the long-lived Ames dwarf ( F  = 235.5) and GHRKO ( F  = 326.5) mice was signifi cantly increased compared with their normal siblings, whereas 
the bGH TG ( F  = 26.40) mice showed decreased VO 2  compared with their normal siblings. The bar graph ( d ) illustrates daily VO 2  from all mice with all time 
points compiled into daily averages and expressed as percent of normal control. Data reported are means  ±  standard error of the mean.  Note:  bGH TG = bovine 
GH-overexpressing transgenic;  F  =  F  statistic; GHRKO = growth hormone receptor knockout; VO 2  = oxygen consumption; ***, signifi cantly different ( p  < .001).    
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period of the fed day ( Figure 2e ;  p  < .01), and during both 
the dark and the light period of the fasted day ( Figure 2f ; 
 p  < .001,  p  <.01, dark and light, respectively). Notably, the 
bGH TG mice showed a delayed response to fasting by 

maintaining an elevated RQ 12 hours into the fasting peri-
od ( Figure 2e and f ), suggesting metabolic infl exibility.       

 Heat.   —   Heat production (calories/h) is a measure of ca-
loric output and is directly proportional to metabolic rate. All 
mice once again displayed the expected diurnal rhythm with 
increased heat production during the dark period ( p  < .05). 
Heat production per animal was decreased on both fed and 
fasted days in Ames dwarf ( Figure 3a ;  p  < .0001) and 
GHRKO mice ( Figure 3b ;  p  < .0001), whereas bGH TG mice 
showed increased heat production on both days ( Figure 3c ; 
 p  < .0001), compared with their normal controls. However, 
when heat production was expressed on a per gram basis, 
GHRKO and Ames dwarf mice both showed increased heat 
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 Figure 2.        RQ values plotted as 12-hour averages representing either dark or light periods on both fed and fasted days ( n  = 8 – 10 per phenotype). All mice showed 
a diurnal rhythm of higher RQ during the dark period and lower RQ during the light period. Both the Ames dwarf ( p  = .0064 dark,  p  = .0048 light) and GHRKO ( p  = 
.0039 dark,  p  < .0001 light) mice showed signifi cantly decreased RQ during both the dark and the light period on the fed day ( a  and  c ) but showed nonsignifi cant 
differences on the fasted days ( b  and  d ) compared with their normal siblings. In contrast, the bGH TG mice showed a signifi cantly increased RQ compared with their 
normal siblings during the dark period on the fed day ( p  = .0240) ( e ) and during both periods on the fasted day ( p  = .0010 dark, .0039 light) ( f ). Data reported are 
means  ±  standard error of the mean.  Note:  GHRKO = growth hormone receptor knockout; RQ = respiratory quotient; * p  < .05, ** p  < .01, *** p  < .001.    

 Table 1.        Twenty-Four-Hour VO 2  Area Under Curve  

  VO 2  Area 
Under 
Curve GHRKO Ames Dwarf bGH TG  

  Mutant 1,486  ±  22.85,  n  = 8 1,217  ±  42.13,  n  = 8 957.5  ±  36.57,  n  = 8 
 Normal 1,142  ±  13.06,  n  = 8 997.5  ±  24.93,  n  = 8 1,014  ±  24.49,  n  = 8 
  p  value <.0001 .0005 .2217  

    Note : bGH TG = bovine GH-overexpressing transgenic; GHRKO = growth 
hormone receptor knockout; VO 2  = oxygen consumption.   
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compared with their normal siblings ( Figure 3d ;  p  < .001), 
whereas bGH TG mice showed a nonsignifi cant reduction in 
heat production. Summary area under the curve data are 
presented in  Table 2 .            

 Thyroid Hormone Levels 
 The thyroid gland is present in all vertebrates and is es-

sential for the coordinated development and control of nu-
merous functions. In homeothermic species, thyroid 
hormones play a crucial role in temperature homeostasis 
and metabolic control. In mice, the thyroid hormones T3 
and T4 are involved in many biologic processes and are 
known to increase metabolic rate and thermogenesis ( 21 ). 

Total T3 was increased in GHRKO mice compared with 
normal ( Figure 4a ;  p  < .05), whereas bGH TG mice showed 
no signifi cant change in T3 levels ( Figure 4b ). T4 levels 
were not signifi cantly altered in either GHRKO or bGH TG 
mice ( Figure 4c and d ), and the T3/T4 ratio was signifi -
cantly increased in GHRKO mice compared with normal 
controls ( Figure 4e ;  p  < .05). bGH TG mice had no signifi -
cant alteration in T3/T4 ratio ( Figure 4f ).        

 Discussion 
 GH signaling plays an important role in the growth, 

development, and maintenance of almost every tissue in 
the body. In mice, reductions in GH signaling result in 

 Table 2.        Twenty-Four-Hour Heat per Gram Area Under Curve  

  Heat per Gram Area Under Curve GHRKO Ames Dwarf bGH TG  

  Mutant 433.4  ±  7.241,  n  = 8 336.4  ±  11.70,  n  = 8 291.6  ±  10.85,  n  = 8 
 Normal 335.5  ±  3.603,  n  = 8 279.0  ±  7.255,  n  = 8 308.6  ±  7.839,  n  = 8 
  p  value <.0001 .0010 .2252  

    Note : bGH TG = bovine GH-overexpressing transgenic; GHRKO = growth hormone receptor knockout.   
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 Figure 3.        Heat (calories/h) production per mouse plotted at 1-hour intervals of male Ames dwarf ( a ), GHRKO ( b ), and bGH TG ( c ) mice and their normal siblings 
( n  = 8 – 10 per phenotype). Heat production per mouse was decreased in the long-lived Ames dwarf ( F  = 2774) and GHRKO ( F  = 999.3) mice compared with their 
normal siblings; however, the bGH TG ( F  = 633.8) mice displayed increased heat production per mouse compared with their normal siblings. In contrast, daily aver-
age heat production per gram (calories/h/g) tissue expressed as percent normal ( d ) showed increased heat production in both the long-lived Ames dwarf and GHRKO 
mice, whereas bGH TG mice displayed numerically decreased heat per gram compared with their normal siblings. Data reported are means   ±   standard error of the 
mean.  Note:  bGH TG = bovine GH-overexpressing transgenic;  F  =  F  statistic; GHRKO = growth hormone receptor knockout; ***, signifi cantly different ( p  < 
.001).    
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prolonged life span, whereas massive increases in GH sig-
naling cause early death ( 1 , 22 ). The purpose of this study 
was to investigate the adjustments in metabolism that ac-
company the physiological changes that are associated with 
altered GH signaling and may be related to differences in 
life span. Here we have shown that both long-lived Ames 
dwarf and GHRKO mice have increased VO 2 , decreased 
RQ, and increased heat per gram body weight, compared 
with normal controls, whereas short-lived bGH TG mice 
have reduced VO 2 , increased RQ, and a nonsignifi cant trend 
for decreased heat per gram body weight compared with 
control animals. In addition, we have shown that GHRKO 
mice have increased T3 levels and T3/T4 ratio, whereas 
bGH TG mice had no signifi cant change in thyroid hormone 
levels compared with normal controls. 

 Although VO 2  and heat production in relation to abso-
lute body    weight were increased in Ames dwarf and 
GHRKO mice and decreased in bGH TG, when these pa-
rameters were expressed in terms of  “ metabolic body 
weight ”  (g  2/3 or g  3/4; data not shown) ( 23 , 24 ), the pheno-
typic differences previously seen were eliminated. The in-
terpretation of these scaling exponents as applied in this 
study is complicated by known differences in body compo-
sition in these mice that allometric scaling does not ac-
count for. For example, GHRKO mice have a roughly 36% 
increase in percent body fat, a 92% increase in relative 
brain weight, a 30% reduction in relative liver weight, and 
a nonsignifi cant reduction in percent lean body mass 
( 25 , 26 ). With reductions in relative size of skeletal muscle 
and liver, two major oxygen-consuming organs in the ro-
dent ( 27 ), the actual metabolic body weight may be smaller 
than a simple scaling exponent would predict. These pre-
sumptions are consistent with our previously published 
dual-energy x-ray absorptiometry (DXA) measurements of 
body composition of GHRKO mice of the same age and 
sex as used in this experiment, which show that the lean 
tissue percentage reported as fat-free mass minus bone tis-
sue is 35% in GHRKO mice and 36% in normal controls 
( 25 ). These measured values of functional metabolic body 
mass show that the allometric scaling exponents err in 
opposite ways for the mutant and normal mice, overesti-
mating the observed metabolic body weight in GHRKO 
mice and underestimating metabolic body weight in nor-
mal animals. When the actual measurements of metabolic 
body weight are used, signifi cantly increased VO 2  is 
observed in GHRKO mice compared with normal mice 
(heat production showed similar results). Increased VO 2  
per lean body mass was also seen in GHRKO mice during 
6-hour measurements ( 6 ). Further, the increases in VO 2  are 
of the same magnitude (1.3-fold) as those observed when 
expressing VO 2  and heat per gram (as shown in fi gures), 
indicating that in comparisons of GHRKO with normal 
mice the isometric analysis more accurately corresponds to 
metabolic rate per functional metabolic mass than the 
allometric scaling exponent estimate. 

 Unfortunately, we do not have DXA measurements of 
lean tissue percent reported as fat-free mass minus bone tis-
sue for the other animals used in this experiment, the Ames 
dwarf and bGH TG mice. However, we know that age-
matched male Ames dwarf mice have roughly 20% body 
fat, whereas normal controls have about 35% ( 28 ). Once 
again, we expect that allometric scaling will not account for 
the differences in body composition induced by the Ames 
dwarf mutation. We have no densitometric analysis of the 
bGH TG mice, but we know that these mutants are signifi -
cantly leaner than their normal counterparts ( 26 ), indicating 
a high percent functional metabolic mass. Because these 
animals have greater overall body weight, we once again 
anticipate that an allometric scaling exponent will underes-
timate the actual metabolically functional mass. Without 
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 Figure 4.        Thyroid hormone triiodothyronine (T3) levels ( n  = 8 – 10 per phe-
notype) in GHRKO ( a ) mice were elevated compared with their normal sib-
lings ( p  = .0158), whereas bGH TG ( b ) mice showed no difference. Thyroxine 
(T4) levels were not signifi cantly altered in either the GHRKO ( c ) or the bGH 
TG ( d ) mice when compared with their normal siblings. GHRKO mice ( e ) 
displayed a signifi cantly elevated T3/T4 ratio compared with normal mice ( p  
= .0442), whereas bGH TG ( f ) mice showed no signifi cant difference. Data 
reported are means   ±   standard error of the mean.    Note:  bGH TG = bovine 
GH-overexpressing transgenic; GHRKO = growth hormone receptor knock-
out; * p  < .05.    
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densitometric measurements, there are no satisfactory alter-
natives to the representation of actual metabolic rate in 
terms of body weight, as shown in the fi gures. 

 The results of this study have yielded two novel conclu-
sions. First, the notion that reduced levels of GH and IGF-1 
are expected to reduce VO 2  (2, reviewed in Bartke [1] in 
mice is not always correct. In fact, in the present study, the 
opposite is seen in 24-hour measurements in both GHRKO 
and Ames dwarf mice. Additionally, increased levels of GH, 
IGF-1, and insulin as seen in the bGH TG mice are associ-
ated with decreased VO 2 . Importantly, the data reported in 
Benedict and Lee (2) were obtained in Snell dwarf mice 
(Pit1 rather that Prop1 mutants) on a different genetic back-
ground. The  “ severity ”  of phenotype in these mutants de-
pends on genetic background, with sexual maturation and 
fertility being good examples ( 29 , 30 ). Second, although the 
levels of thyroid hormones T3 and T4 were previously 
found to be decreased in 4- to 5-month-old female GHRKO 
mice ( 3 ), we found signifi cant increases in T3 and T3/T4 
ratio when measuring these hormones in 7- to 12-month-old 
male GHRKO mice. These results show that male Ames 
dwarf and GHRKO mice, although both long lived, exhibit 
opposite alterations in thyroid hormone levels, with Ames 
dwarf mice having decreased T3 levels and GHRKO mice 
having elevated T3 levels. Perhaps, male GHRKO mice 
have increased T3 as a compensatory mechanism to stimu-
late metabolic rate in the absence of GH. Interestingly, the 
Ames dwarf mouse lacks the ability to produce detectable 
levels of thyroid hormones yet somehow is able to maintain 
increased VO 2  and heat per gram body weight compared 
with normal controls. 

 The infl uence of GH signaling on the metabolic parame-
ters investigated here is confounding in light of the putative 
roles of this hormone. GH is an anabolic hormone known to 
be calorigenic and has been shown to accelerate fat metabo-
lism, prevent triglyceride accumulation, and facilitate lipid 
mobilization ( 31 ). This is exemplifi ed by the lean body 
composition of bGH TG mice ( 32 ) and conversely, mark-
edly increased adiposity of GHRKO mice ( 1 , 6 , 25 ). How-
ever, bGH TG mice that overexpress GH have a higher daily 
RQ, pointing to increased carbohydrate oxidation relative to 
lipid oxidation in these animals, whereas the GHRKO and 
Ames dwarf mice both have decreased GH signaling and 
yet maintain a lower daily RQ, indicating increased fat oxi-
dation. Because about 90% of mammalian VO 2  is mito-
chondrial ( 27 ), increased VO 2  levels expressed per gram 
seen in long-lived mice are a direct refl ection of increased 
mitochondrial oxidative metabolism. The RQ and VO 2  data 
from this experiment show that fat is more relied upon as 
mitochondrial fuel substrate in long-lived animals than in 
their littermate controls and less in short-lived animals rela-
tive to their littermate controls, in both the fed and the fasted 
state. This is interesting when considering the increased 
adiposity of the GHRKO mice and the lean body composi-
tion of bGH TG mice. 

 The increased metabolism per gram body weight in long-
lived mutant mice may be explained by several aspects of 
the physiology of these mice. First, because adiponectin is 
known to activate 5� -AMP-activated protein kinase (AMPK) 
in the liver and skeletal muscle, the effects of elevated adi-
ponectin in GHRKO ( 33 ) and Ames dwarf ( 34 ) mice may 
mask or override the effects of reduced GH, insulin, and 
T3 (in the Ames dwarf) and increase catabolism. Once 
activated, AMPK in turn stimulates multiple processes: 
phosphorylation (deactivation) of acetyl CoA carboxylase 
(ACC), fatty acid oxidation, glucose uptake, and lactate 
production in myocytes; phosphorylation of ACC and re-
duction of molecules involved in gluconeogenesis in the 
liver; and a reduction in glucose levels in mice ( 35 ). In ad-
dition, decreased plasma adiponectin and AMPK in bGH 
TG mice ( 36 ) may relate to the decreased catabolism per 
body weight seen in these mice. Also, genes related to the 
hydrolysis of triglycerides and the transport of fatty acids 
into mitochondria as well as mitochondrial biogenesis and 
oxidation, such as PGC-1 alpha, are upregulated in the ex-
amined long-lived mice with reduced somatotrophic signal-
ing ( 33 , 34 ), and downregulated in short-lived bGH TG mice 
( 36 ). 

 Another possible explanation for increased VO 2  and heat 
per gram in long-lived mice may be the decreased mass  – 
to  – surface area ratio seen in these mice. The size and weight 
reduction of the long-lived Ames d warf, GHRKO, and nor-
mal mice subjected to CR would cause them to lose body 
heat more rapidly than normal animals. In fact, lower core 
body temperature is found in GHRKO mice ( 3 ), Ames dwarf 
mice ( 37 ), and mice on CR ( 38 ). Therefore, one would ex-
pect thermogenic mechanisms to be more active in these 
mice to maintain homeothermy. Because there is a signifi -
cant energy cost attached to maintenance of body tempera-
ture ( 21 ), this may partially account for the increased 
metabolism seen in long-lived mice. GHRKO mice are known 
to have enlarged brown adipose tissue stores and increased 
uncoupling protein (UCP) 1-messenger-RNA (mRNA) in 
these stores, indicating increased nonshivering thermogen-
esis ( 39 ). In addition, T3 actively stimulates UCP1, UCP2, 
and UCP3 mRNA in several tissues including brown fat 
( 40 , 41 ), and the activity of some or all of these UCPs may 
increase overall metabolism. This fact may relate to the in-
creased metabolism in GHRKO mice. 

 Elevated metabolism has long been associated with pre-
mature mortality. The rate of living theory proposed by 
Pearl ( 14 ) and the  “ free-radical ”  theory proposed by Har-
man ( 42 ) have provided a potential mechanism to link the 
rate of aging to metabolic rate: Increased mitochondrial ac-
tivity leads to increased ROS generation, which leads to in-
creased rate of aging. However, evidence is emerging that 
suggests that the relationship between metabolic rate and 
free-radical production is not directly proportional and may 
be inversely proportional. For instance, it has been known 
for decades that when VO 2  is acutely increased in isolated 



WESTBROOK ET AL.450

mitochondria, the production of ROS is sharply decreased 
( 43 ). VO 2  was increased in calorie-restricted yeast cells 
whose replicative life span was also increased ( 44 ). Mice on 
CR have signifi cantly higher mass-specifi c metabolic rates 
than mice fed more calories after 6 months on their respec-
tive diets but exhibit decreased rates of ROS production 
( 10 ). Additionally, CR has been shown to increase mito-
chondrial proliferation and density, while decreasing mito-
chondrial membrane potential, ROS production, and oxygen 
consumption of individual mitochondria and yet maintain-
ing ATP production in vitro ( 45 ). CR has also been shown to 
increase mitochondrial biogenesis, ATP production, and 
oxygen consumption in vivo ( 46 ). These examples show 
that a high rate of metabolism does not necessarily cause an 
increased production of ROS; in fact, the opposite is often 
seen. This unexpected phenomenon may be explained by 
the  “ uncoupling to survive ”  hypothesis proposed by Brand 
( 47 ). Simply, this hypothesis states that in addition to ther-
mogenesis, UCPs play a protective role in the mitochondria 
by allowing the dissipation of the electrochemical potential 
built up by the pumping of protons across the mitochondrial 
inner membrane. This dissipation is facilitated by UCPs, 
which allow the fl ow of ions back across the mitochondrial 
inner membrane without activating ATP synthases and cre-
ating ATP. In addition to creating heat, this  “ wasteful ”  re-
lease of electrical potential may decrease the production of 
superoxide and other ROS. This could be important in help-
ing to minimize oxidative damage to DNA and, ultimately, 
in slowing aging. Alternatively, an increased number of ef-
fi cient mitochondria with electron transport tightly coupled 
to ATP production and low membrane potential could also 
provide an explanation for the decreased ROS seen in CR 
and long-lived animals. Future experiments will elucidate 
which phenomenon is responsible for the decreased oxida-
tive damage seen in the long-lived Ames dwarf and GHRKO 
mice, and increased oxidative damage seen in bGH TG 
mice ( 48 , 49 ). Recently, in  Caenorhabditis elegans , sys-
temic lipolysis occurring by induction of a fat-specifi c li-
pase via germline stem cell arrest or constitutive lipase 
expression was shown to increase fat mobilization and pro-
long life span in these animals ( 50 ). This provides further 
evidence of the important role of increased fat metabolism 
in promoting longevity. 

 In summary, this study shows that both long-lived Ames 
dwarf and GHRKO mice have increased VO 2  and heat ex-
pressed per gram, and decreased RQ compared with normal 
controls, whereas short-lived bGH TG mice have reduced 
VO 2  and heat expressed per gram body weight, and increased 
RQ compared with their corresponding controls. In addition, 
we have shown that male GHRKO mice have increased T3 
levels and T3/T4 ratio, whereas male bGH TG mice have no 
signifi cant change in thyroid hormone levels compared with 
normal controls. These data show that alterations in GH 
signaling cause marked changes in energy metabolism. 
Decreased GH signaling causes increased T3 (GHRKO), 

increased metabolism per body weight, increased fatty acid 
oxidation, and may have a benefi cial effect on mitochondrial 
fl exibility by increasing the ability to utilize fat as a fuel sub-
strate, whereas GH excess has generally opposite effects in 
mice. These results indicate that increased metabolism is as-
sociated with increased life span in these mice.     
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